Mycoplasma haemofelis is an uncultivable red-cell pathogen of cats. Isolated M. haemofelis DNA was used to create a bacterial artificial chromosome library and physical map. Random sequencing of this material revealed 75 genes that had not been previously reported for M. haemofelis or any other hemotrophic mycoplasma.
separate blood collections. To confirm the identify of the bands seen, the Southern blotted DNA was probed by using a 393-bp digoxigenin-labeled fragment of the M. haemofelis 16S rRNA gene which spanned hypervariable regions 1 to 3 (1, 17) . Membranes were prehybridized in 10 to 20 ml of PerfectHyb Plus (Sigma-Aldrich Corp., St. Louis, Mo.) at 68°C for at least 5 min. Labeled probe was boiled for 10 min and added to the prehybridization solution, and the probe was allowed to hybridize overnight at 68°C. Stringency washes and signal detection with CDP-star were performed according to the manufacturer's instructions (Boehringer Mannheim Biochemicals [Roche Molecular Biochemicals], Indianapolis, Ind.).
The average size of the linearized M. haemofelis chromosome was 1,199 kb (standard deviation, 13.5 kb). This falls well within the published range (580 to 1,400 kb) for the Mycoplasma pneumoniae subgroup of mycoplasmas (14, 20) . When membranes were probed with a labeled fragment of the 16S rRNA gene of M. haemofelis, a strong signal was seen with the M. haemofelis DNA and weaker signals were observed for M. haemosuis and M. genitalium. This weak heterologous binding of our probe to the other mycoplasmas was expected due to the sequence similarities between the hypervariable regions of the 16S rRNA genes.
The creation of the bacterial artificial chromosome (BAC) library was done by using the Escherichia coli host strain DH10␤ and the vector pBeloBAC11 (28) . Full-length M. haemofelis genomic DNA was partially cut with HindIII (24), sizeselected by using PFGE, and isolated from the gel by using standard techniques (26) . A molar ratio of vector to insert of 5:1 was used in the ligation experiments. An aliquot of the ligation mix was added to freshly prepared DH10␤ electrocompetent cells, and the cells were transformed in a 0.2-cm cuvette at 200 ⍀, 25 F, and 12.5 V/cm.
A probe made from full-length M. haemofelis genomic DNA was used to screen colony hybridization blots for clones containing M. haemofelis DNA and eliminate clones possibly containing E. coli or cat genomic DNA. One hundred and fifty colonies that exhibited strong hybridization signals were then used for mapping experiments. The average size of these clones was 42.6 kb, and there was a 99.7% probability that the entire genome was represented (6 (26) .
To define a starting point for the restriction map, the M. haemofelis 16S rRNA gene probe was used to screen dot blots of BAC clones and identify a contig of six clones containing this gene. The probe should hybridize just before the NruI site at nucleotide 506 within the 16S rRNA gene (1, 25) . Based on the restriction patterns of the clones and the placement of the 16S rRNA gene, it was determined that these six clones represented a single contig and that only one copy of this gene was present in M. haemofelis. This NruI site was designated as point zero for the purposes of this mapping project. Probes were then made from restriction fragments flanking the 16S rRNA gene and used to identify adjacent BAC clones. The order of the various restriction fragments from each BAC clone was determined by examining the restriction enzyme fingerprints and by hybridizing single and double restriction digests with probes made from the fragments in question. After repeated cycles of hybridizations of the dot blots, pulsed-field gel blots, and new probe selections, a complete genomic circle was closed. A total of 24 BAC clones were identified which represented the entire genome of M. haemofelis with minimal overlap (the genomic encyclopedia). The restriction map of M. haemofelis contains 28 NruI sites, 21 SalI sites, and 9 NotI sites.
A selection of BAC clones containing known regions on the M. haemofelis physical map were subcloned into the vector pGEM-3Zf(ϩ) (Promega) and partially sequenced. A total of 624 GSSs were successfully generated. An average length of 450 bases per GSS was obtained, and this yielded 283,351 bp of genomic sequence. After elimination of duplicate sequences and combination of contigs, 430 unique GSSs were deposited in GenBank. The average guanine-plus-cytosine (GϩC) percentage was 38.5% and showed little variation among the subclones. This GϩC percentage is less than that found in M. pneumoniae (41%) (12) and greater than that seen in M. genitalium, Mycoplasma pulmonis, and Ureaplasma urealyticum (26 to 32%) (3, 9, 10) . It also confirms that there is no contamination by E. coli DNA, which has a GϩC percentage of 48 to 52% (2), or mammalian DNA, which has a GϩC percentage of 52 to 54% (16) .
Nine different contigs were identified that spanned overlapping areas on the genomic encyclopedia map. These contigs confirmed the overlap between clones 6.115 and 6.105, 6.67 and 6.25, 6.25 and 6.31, and 6.31 and 6.88 ( Fig. 1 ). In addition, no contigs were detected between clones that did not overlap in the physical map. The 16S rRNA gene was found in two subclones of BAC 6.115 (as expected), and the other known M. haemofelis gene (rnpA) was found on the opposite side of the physical map in BAC clone 6.30. Finally, no GSSs were detected which represent feline or E. coli DNA present in the nonredundant database.
The GSSs were compared to known sequences in the nonredundant database by using the BLASTn, BLASTx, and tBLASTx programs (National Center for Biotechnology Information; www.ncbi.nlm.nih.gov) with the mycoplasmal translation code. Among the GSSs obtained, 165 (26.4%) had a significant BLAST score ([E] of Յ10 Ϫ5 ) (27) with at least one entry in GenBank ( Table 1 ). The majority of the most significant BLAST scores were for genes and proteins in the Mycoplasma and Ureaplasma genera. The remaining GSSs with significant BLAST scores were split evenly between members of the Bacillus-Clostridium group and other miscellaneous bacteria. Four hundred fifty-nine (73.6%) of the M. haemofelis GSSs failed to yield a significant database match ([E] of Ն10 Ϫ5 ). These results indicate that the M. haemofelis genome likely encodes a large number of unique proteins. Unlike most other mycoplasmas, which tend to colonize mucosal surfaces, the host-adapted survival of M. haemofelis is achieved through surface parasitism of the red blood cell, and it is therefore not surprising that this bacterium contains many unique genes.
The 165 GSSs with significant BLAST scores were further scrutinized to eliminate GSSs of the same gene. After deleting redundant GSSs, 77 out of 165 remained as nonredundant GSSs, representing 75 distinct genes in M. haemofelis that had not been previously reported. Two GSSs represent the 16S rRNA and RNase P RNA genes of M. haemofelis, both of which had been previously described (GenBank accession numbers U95297 and AF407210). Sequences were further grouped according to the cluster of orthologous groups (COG) and the presumptive gene function (29) . The largest number of genes found were related to translation, ribosomal structure, and biogenesis (25%). Other groups with significant numbers of genes included those related to DNA replication (14%), carbohydrate metabolism (9%), transcription (6%), and nucleotide transport (6%) ( Table 2) .
Several putative virulence factors were detected in this analysis which merit further study. These include membrane lipoproteins, possibly related to antigenic variation systems (5) , and other well-described virulence factors such as VacB and MgpA-like proteins (4, 7).
The superoxide dismutase (SOD) gene appears to be unique to M. haemofelis among the mycoplasmas. There are studies describing SOD activity in some mycoplasmas (21) , but there are currently no available reports of a mycoplasma SOD gene sequence available in GenBank or from the fully sequenced mycoplasmas (3, 9, 10, 12) . The best BLAST scores found when comparing the putative M. haemofelis SOD gene to the nonredundant database were with bacteria from the BacillusClostridium group. This suggests that the SOD gene was present in a common ancestor and either that other mycoplasmas may have lost the gene or that a product of a different gene has assumed the role of SOD production. Of particular interest are two genes found in M. haemofelis that are involved in purine biosynthesis and encode proteins similar to IMP (inosine-5Ј-monophosphate) dehydrogenase and GMP (guanosine 3Ј,5Ј-monophosphate) synthase. There are no reports describing the enzymatic activity of these proteins in Mollicutes spp., and thus it was assumed that all Mollicutes spp. require a source of preformed guanine (23, 30) . The mere presence of these genes in M. haemofelis does not definitively prove that the enzymes have the predicted activity (22) . If M. haemofelis could be grown, the culture could be examined for the enzyme activity, but with M. haemofelis we are limited to using an expression vector to study this protein in the future.
This genomic encyclopedia and collection of survey sequences provides the first physical map and genomic survey of an uncultured hemotrophic mycoplasma. It is our hope that this information will ultimately lead to the development of more effective treatments and detection of M. haemofelis by characterizing its virulence and biosynthetic pathways.
Nucleotide sequence accession numbers. The 430 unique GSSs were deposited in GenBank under the accession numbers BH792926 through BH793355. a Abbreviations: L, DNA replication; C, energy production; F, nucleotide transport; J, translation; P, inorganic ion transport; R, general function prediction only; S, unknown function; D, cell division; E, amino acid metabolism; G, carbohydrate metabolism; I, lipid metabolism; K, transcription; N, cell secretion; O, posttranslational modification. The letters in parentheses indicate the gene abbreviations used on the genomic map in Fig. 1. ‫ء‬indicates a protein 
